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CHAPTER I
INTRODUCTION

Intensive forest management activities, such as harvesting or site preparation, are
known to have a direct impact on the forest floor (Fox, 2000). Changes in site
productivity occurring after harvest are not always detected early in stand development
(Sanchez et al., 2006) and may take subsequent rotations to find any productivity losses.
Furthermore, harvest residues could be valuable bioenergy feedstocks and may provide
additional income for forest landowners (Eisenbies, 2009). However, forest floor and
harvest removal could result in changes to soil organic matter and nutrient pools
potentially reducing long-term site productivity.
Soil organic matter (SOM) plays a significant role in soil as a source of cation
exchange capacity (CEC) and improves soil structure for aeration, water holding
capacity, and soil strength. Additionally, SOM is a potential long-term sink for
atmospheric carbon dioxide (CO2) and is a significant source of available phosphorus and
nitrogen (N) in forested systems (Fisher and Binkley, 2000; Crow et al., 2009).
Nitrate (NO3-) and ammonium (NH4+) are the main forms of N available for plant
uptake (Rosswall, 1976) and make up approximately 2% of the total N in the mineral soil
(Harmsen and Kolenbrander, 1965). Decomposing SOM provides the majority of these
mineralized forms of N (Vitousek and Matson, 1985) and can be critical for soils with
nutrient deficiencies. In the southern US the forest floor contains up to 65% of the total
1

soil phosphorus and is a significant source of plant available N (Bauer & Black, 1994).
Collectively, these characteristics of SOM play an integral role in sustaining site
productivity (Fisher and Binkley, 2000).
Many organic matter manipulation studies have shown no significant effect on
stand productivity or above ground biomass (Powers et al., 2005; Ponder, 2008; Zerpa et
al., 2010). At the continental scale, ten years following the initiation of the North
American long-term soil productivity (LTSP) network in 1990 no significant differences
associated with forest floor removal at stand initiation was found in the above-ground
standing biomass (Powers et al., 2005). However, at the regional level some conflicting
treatment level effects have been observed. For example, on intensively managed loblolly
pine (Pinus taeda L.) plantations on the Lower Coastal Plain of North Carolina, no
significant differences in the aboveground biomass were found at year 5 or 10 (Li et al,
2003). On the other hand, a Gulf Coastal Plain site in Mississippi with noted phosphorus
deficiencies, exhibited bole volumes were 40% and 29% less than the bole only removal
treatment in years 5 and 10 following complete removal of O-horizon and harvest
residues (Scott et al., 2004).
Adding organic matter to the forest floor following a harvest can increase site
nutrient capital and improve growth of aboveground biomass (Sanchez and Eaton, 2001;
Zerpa et al., 2010). However, this process is costly and may not always achieve positive
results (Sanchez and Eaton, 2001). Organic matter additions can increase infiltration,
decrease runoff, moderate soil temperatures, and may benefit long term site productivity.
Many southeastern United States (US) soils are deficient in N and phosphorus and unable
to sustain rapid tree growth without the addition of fertilizer. Some of this can be
2

attributed to previous intensive agricultural practices that were largely unsustainable,
resulting in increased soil erosion rates (Sanchez and Eaton, 2001). Zerpa et al. (2010)
observed an increase in available N, tree growth, and litterfall with the addition of
organic matter 10 years after harvest (i.e., doubling the forest floor compared to control).
The difference in total N resulted in a significantly lower C:N ratio in the doubled OM
treatment in the O-horizon. This was attributed to the improved N quality in the Oi and
Oe layers from the addition of organic matter. Consequently, adding organic matter
following harvest increased tree productivity and soil nutrient capital and availability.
The impact of intensive organic matter removal on long-term site productivity
will likely be best observed on nutrient poor sites (e.g., sandy textured sites).
Furthermore, Ponder (2008) suggested that the effect of O-horizon and harvest residue
removal may not be apparent until crown closure. For example, on North Carolina and
Louisiana sites, removal of the forest floor resulted in lower levels of extractable P,
which may result in lower productivity later in the rotation on inherently P deficient sites
(Sanchez et al., 2006).
From most studies it can be concluded that removal of the forest floor may not
impact the mineral soil N pool in the first ten years of a rotation. For instance, Sanchez et
al. (2006) found no differences in total soil N content to a depth of 30cm. Zerpa et al.
(2010) had similar results while measuring the A-horizon total N at stand age 10.
The impacts of forest floor removal upon carbon pools have varied. At year ten of
the LTSP study Powers et al. (2005) found removal of surface organic matter to result in
organic carbon losses on some site installations at shallow depths but the effect decreased

3

with depth. In contrast, at year 10 Zerpa et al. (2010) found no significant losses in total
carbon in the A-horizon when organic matter and harvest residues were removed.
If forest management activities remove or reduce the amount of slash left after
harvest, a reduction in tree growth, soil fertility, and nutrient availability may occur.
Since reduction in rotation ages of pine plantations has become more common (i.e. more
frequent opportunity for alterations to the soil), understanding the long term effects of
this management practice on soil productivity is imperative (Fox, 2000). The objective of
this research was to assess changes in site productivity by examining the effect of
manipulating forest floor and harvest residue inputs; specifically, we evaluated how these
manipulations affect nutrient availability and C content in the context of intensive forest
management.

4

CHAPTER II
MATERIALS AND METHODS

2.1

Site Description
The Millport Organic Matter Study is located in Lamar County, Alabama, USA,

approximately 1 mile southwest of Millport (33°32’22.87”N, 88°77.53”W). The site is
located on the Upper Coastal Plain physiographic province. Soils are classified as deep,
well-drained Ruston series fine-loam, siliceous, semiactive, thermic Typic Paleudults
(Soil Survey Staff, 2011). The nearest weather station to the research site with 23 years of
precipitation and temperature data was in Tuscaloosa, AL (60 kilometers SE). Average
annual temperature from 1987–2010 was 16.9°C and ranged from 6.3°C in January to
27.1°C in July (NOAA, 2010). Mean annual precipitation was 1320 mm with the wettest
month occurring in February (137 mm) and driest month in September (80 mm) (NOAA,
2010). The weather station at Columbus Air Force Base was the closest (17.7 kilometers
NW) so will be used to characterize the precipitation and temperature that occurred
during the period of study.
A 34 year-old loblolly pine stand was clearcut in 1994 preceding the
establishment of the current stand. The experimental design was a randomized complete
block design containing three treatments and was replicated four times (Figure 2.1).
Loblolly pine was planted on 4.3x3m spacing on 0.16 hectare plots. Three treatments
were established at the site: added, removed, and reference. Whole-trees were harvested
5

and all slash and the entire forest floor (i.e. Oi, Oe and Oa horizons) were removed from
the removed treatment. . The added treatment had bole-only harvest with the slash and
forest floor from the removed treatment transferred evenly and by layer from an adjacent
added plot (e.g., plot 1 forest floor and residues was transferred to plot 2). The reference
treatment had a bole-only harvest and standard harvest residue management.
2.2

Site and Soil Sample and Data Collection
Each plot contained five sampling locations consisting of four corners and one

center point (Figure 2.1). Soil moisture, soil temperature, ion exchange membranes, soil,
root cores, organic horizon (O-horizon), and litterfall data were collected in the five
sampling locations.

6

Figure 2.1

Treatment design of Millport Organic Matter Study.

Volume was determined at stand age 15 by measuring diameter at breast height
(DBH) of all trees and ten randomly selected trees per plot subsampled to determine
average plot height with a digital clinometer (10% of all trees) (Burkhart, 1977) (Eq. 2.1).
Volume ft3=0.34864+0.00232*dbh(in)2 *height(ft)

(2.1)

Underneath the O-horizon, a 20cm deep and 15cm wide intact root core was
removed and roots were washed and sieved for root biomass. Cores were collected one
time at each of the five locations by plot for a total of 60 samples. Root cores were
composited by plot and washed with a solution of sodium hexametaphosphate and rinsed
7

through a 0.840mm sieve. The root washing process allowed for the separation of roots
(dead & live) >1mm in thickness to be collected. Clean root samples were oven dried at
55-60°C weighed and expressed as kg m-2.
Five litterfall traps (0.75m2) were placed throughout each plot to measure tree
foliar productivity. Litterfall samples were collected and composited by plot each month
for one year (December, 2010 to December, 2011). Samples were oven dried overnight at
55-60°C, weighed, and expressed as kg m-2yr-1. Every month three litterfall samples
representing each treatment were sub-sampled and analyzed for C and N.
The O-horizon was collected one time at five points per plot and composited.
Samples were oven dried at 55-60°C for 24 hours. O-horizon bulk density was
determined by multiplying the surface of the area collected (412cm2) by average
thickness. O-horizon composites were mixed thoroughly, sub-sampled, ground, and
analyzed for C and N.
Mineral soils were sampled one time at five locations per plot at 0-20cm, 2040cm, and 40-60cm depth with a hammer corer. The five samples were composited by
plot for a total of 12 soil samples for each depth. Soil samples were oven dried at 5560°C. Additionally, soil samples were collected for bulk density. Soil samples collected
specifically for bulk density were oven dried at 105°C for 48hrs. Collected soils of 020cm, 20-40cm, and 40-60cm were sub-sampled, ground (Dyna-Crush Soil Grinder,
Customer Laboratory Inc.), and analyzed for C, N and pH.
Density fractionation of mineral soil is a common procedure to determine the
dynamics of soil organic matter (Six et al., 1999). A low density fraction in the mineral
soil represents a more labile form of N while a higher density fraction more recalcitrant.
8

A method using sodium polytungstate (SPT) has become a preferred density agent to
examine organic matter (OM) fractions (Six et al., 1999). Collected mineral soil samples
were separated into light and heavy fractions with a 1.64g cm-3 density SPT solution
(Bock, 2000). Three grams of oven dried soil (55-60°C) were mixed with five grams of
SPT solution and put in a centrifuge at 3000rpm for 10 minutes. After each centrifuge
run, LF material floated to the top of the vial and was aspirated and collected in a
separate vial. This process was done six times to assure all of the particles <1.64g cm-3
were collected. The SPT solution containing LF was poured through 0.47 µm combusted
(3h 350 °C) glass fiber filters, oven dried overnight (55-60°C), and processed by
randomly punching holes in the filters and run for total C and N. HF samples were
lyophilized, and analyzed for total C and N.
To purify SPT it was passed through a column containing a glass microfiber filter
(GF/A; Whatman), activated carbon (Darco® S-51, 4-12 mesh), and cation exchange resin
(benzene diethenyl polymer; Six et al., 1999). After the solution was cleaned it was oven
dried at 55-60°C until a density of 1.64g cm-3was achieved.
2.3

Monthly Soil Moisture, Temperature, and Available Nutrients
Soil moisture and temperature was measured monthly for one year at each soil

sampling location. A portable FieldScout TDR 300 Soil Moisture Meter measured
volumetric moisture content and a bi-metal dial thermometer measured soil temperature
in the top 10cm at five locations and averaged by plot.
Available N and phosphate was measured monthly at each soil sampling location
to examine nutrient dynamics through time using two-sided, 5cm x 15cm cationic (Ionics
CR67-HMR) and anionic (Ionics AR204-SZRA) exchange membranes. The active
9

membrane surfaces mimic root uptake potential (Hangs et al., 2004). Membranes are easy
to clean, can be reused, reduce soil disturbance, have a flat surface area, and give a
dependable relative index of nutrient availability over time (Hangs et al., 2004). At each
plot, five cation and five anion membranes were deployed in pairs at five random
locations within each plot under the O-horizon and in the A-horizon for a total of 240 ion
exchange membranes analyzed per month. Membranes were installed for approximately
one month intervals and extracted/replaced 11 times (~1 year). Sets of anion and cation
membranes were installed vertically at an angle to 7.5cm (A-horizon) and another set
placed horizontally below the O-horizon. The membranes were charged with 1 M NaCl
prior to deployment. When the membranes were collected on site, ten O-horizon and ten
A-horizon membranes were composited from each plot for a total of 12 membrane sets
per depth per month. Upon returning to the lab, membranes were rinsed with deionized
water, set in quart size zip lock bags with 1 M NaCl solution for nutrient extraction, and
put on a shaker at high speed for 1-2 hours to extract nutrients from the surface. The
solution was filtered with Whatman 41 filter paper and stored frozen in plastic vials.
From January 2011 to May 2011 the membranes were extracted in 1000mL of NaCl. This
volume of extractant appeared to dilute some constituents below detectable limits
(particularly PO43-) so from June 2011 through December 2011 we used 100mL of NaCl
solution to extract ions from the membranes (See appendix A.1).
2.4

Laboratory Analyses
Subsamples of oven dried O horizon, litterfall, and root samples were ground with

a Thomas Wiley® Laboratory Mill Model 4 using a 60 mesh sieve prior to C and N
analysis. Dried mineral soils were sub-sampled and ground with a mortar and pestle.
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Organic and mineral samples were analyzed for C and N using dry combustion (Costech
ECS 4010). Reproducibility of standards and duplicates was determined by taking an
average of all run standards/duplicates for % weight C and N. A standard determined by a
run was divided by a known standard value. Reproducibility of standards for %C was
determined to be 100.8%±0.99% and %N was 98.7%±8.0. Reproducibility of duplicates
for %C was determined to be 100±8.35 and %N was 100±4.83.
Soil pH was measured at room temperature using a 1:1 soil:water ratio (McLean,
1982). The pH of all 12 plots at 0-20cm, 20-40cm, 40-60cm soil depths was calculated.
Available nutrients extracted from the IEM were analyzed on an Auto-analyzer
(Method US-696M-82X; BRAN+LUEBBE AutoAnalyzer3, Germany). Available
phosphate was analyzed using the Molybdenum Blue Method, available nitrate using the
Automated Cadmium Reduction Method, and available ammonium using the Automated
Phenate Method (APHA et al., 2005). The reproducibility of standards tested for PO43was 101.3%±6.12%, NH4+ 100.2%±6.14%, and NO3- 96.9%±6.32%. To examine the
activity of H+ in relation to available N and P we measured the pH of each extracted
solution and calculated the concentration of hydrogen [H+] ions in solution (Eqs. 2.2).
[H+]=10-pH
2.5

(2.2)

Statistical Analysis
Analysis of variance (ANOVA) using a general linear model on a completely

randomized block design was used to assess treatment effects on stand bole volume, root
biomass (0-20cm), root C and N, mineral soil C and N (0-20cm, 20-40cm, 40-60cm, 060cm), heavy and light soil fraction C and N (0-20cm, 20-40cm, 40-60cm), O-horizon
11

mass, O-horizon C and N, litterfall, litterfall C and N, soil moisture, soil temperature,
available nutrients (PO43-, NO3-, NH4+,H+), and all C:N ratios. An α = 0.05 was used to
test for significant differences. Repeated measures ANOVA was used to assess monthly
values from January 2011 to December 2011 including soil moisture, soil temperature,
available nutrients (PO43-, NO3-, NH4+), and H+. All ANOVA tests were run on SAS
version 9.2 (TS3MO-phase 3). Additionally, relationships were tested on SPSS using
Pearson correlation coefficients.
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CHAPTER III
RESULTS

3.1

Biomass Pools
Standing tree volume at age 15 in the added treatment was 31% and 22% higher

than the removed and reference, respectively. No significant difference was found
between the removed and reference treatments (Table 3.1). Data retrieved from year 10
of the study (Zerpa et al., 2010) was used to calculate the periodic annual increment
(PAI). Treatments ranged in PAI 6.9-8.3 (m3 ha-1yr-1) of volume from age 10 to 15 (Table
3.1). The added treatment continues to put on more volume growth relative to other
treatments while the removed and reference treatments are within a PAI of
0.4 (m3 ha-1yr-1).
Over half of the litterfall collected in 2010 occurred in the fall months. Litterfall
mass was not significantly different among treatments (Table 3.1) despite consistently
higher litterfall inputs in the added treatment every month of the year (data not shown).
However, plot 1 (removed treatment) produced 31% more litterfall from the next closest
plot which resulted in a high degree in variance for the removed treatment. When plot 1
was removed from the analysis the added treatment had significantly more litterfall than
the other treatments p=0.0417. Root mass (0-20cm) was not significantly different among
treatments (Table 3.1). O-horizon mass in the added treatment was 82% and 78% higher
from the removed and reference treatments, respectively. Additionally, a significant
13

positive correlation (R2=.51, p-value=0.014) existed between O-horizon mass and stand
bole volume.
Table 3.1
Treatments

Mean biomass pools with treatments
Added

Removed

Reference

p-value

Volume age 15 (m3 ha-1)
150.7±15.27a 114.7±18.03b 123.7±15.70b
0.001
3
-1 1
Volume age 10 (m ha )
109±13.7
80±25.4
87±11.7
0.013
3
-1 -1 2
PAI (m ha yr )
8.34
6.94
7.34
n/a
-1
Root mass 0-20cm (kg ha ) 565.6±38.61 572.0±53.86 557.7±75.86
0.930
-1
-1
Litterfall (kg ha yr )
2843±145.0 2611±795.9
2503±243.4
0.644
-1
a
b
b
O-horizon (Mg ha )
30.23±5.51
16.59±6.87
17.00±2.11
0.018
Reported values are treatment means with ± 95% confidence intervals. (Pr>F) from
ANOVA accepted alpha <0.05. Letters represent Tukey’s test of homogenous means.
1
Values were observed at age 10 on the same study site and reported in Zerpa et al.
(2010)
2
Periodic Annual Increment (PAI) from year 10 to 15
3.2

Environmental Factors
Soil moisture and temperature followed air temperature and precipitation trends as

shown by the data gathered from a nearby weather station at Columbus Air Force Base
(Figure 3.1-3.2). Through most of 2011, differences in soil temperature among treatments
were minimal. Yet, the removed treatment had significantly colder temperatures in the
fall months (November p=0.027). Relatively shallow O-horizon mass in the removed
plots could lead to greater fluctuations in soil temperature. Repeated measures ANOVA
found no significant time by treatment interactions in soil temperature. However, there
were slight differences in soil moisture between treatments. While there was slightly
more soil moisture in July and warmer temperatures in November and December in the
added treatment, environmental factors were mostly similar among treatments. Therefore,

14

soil temperature or moisture likely did not influence differences among treatments with
regard to biological processes such as decomposition and mineralization rates.

15

Soil moisture (Volumetric Water Content % to 10cm depth) and total precipitation between sampling taken from
Columbus AFB (nearest weather station) from January 2011 to December 2011.

Soil moisture repeated measures time*treatment p-value=.004.

Figure 3.1
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Figure 3.2
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Soil temperature (10cm depth) and monthly average air temperature taken from Columbus AFB (nearest weather
station).

3.3

Nitrogen Concentration and Pools
More tree volume in the added treatment can be attributed to its correlation with

total N in both the mineral and organic soil horizons (R2=.48 and .67 with p=0.017 and
0.001 for A, O-horizon, respectfully) (Figure 3.3). The highest percentage of N was
found in O-horizon, litterfall, and root samples while the mineral soil contained the
largest N pool. Litterfall was not significantly different in both %N and total N; although
the added treatment had slightly more %N and total N (Table 3.2). Root %N was higher
in the added treatment but was not significant. Total root N (0-20cm) in the added
treatment was significantly higher than the removed and reference (17% and 13%,
respectively). Additionally, there was no significant difference found between the
reference and removed (Table 3.2).
O-horizon total %N was significantly higher in the reference treatment (p =
0.044) compared to the added and removed treatments. However, the significantly greater
N concentration did not result in significantly higher total N for the O-horizon compared
to the control although 58% higher on average. On the other hand, the greater O-horizon
mass in the added treatment resulted in higher total N and the added treatment was
significantly higher than the reference (88% greater), but not significantly different than
the reference (19% greater; Table 3.2).
The 0-20cm mineral soil horizon had twice as much N content and mass
compared to deeper soil horizons. Total %N or N mass soil for 0-20cm, 20-40cm, and 4060cm depths as well as the total soil were not significantly different among treatments
(Table 3.2).
18

Figure 3.3

Total N in the O-horizon and 0-20cm mineral soil and its relationship to
tree volume at age 15.
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Table 3.2

O-horizon mass, forest floor and mineral soil nitrogen mass and total
percent nitrogen

Litterfall
Roots 0-20cm
O-horizon
0-20cm
20-40cm
40-60cm

Added

Removed

Reference

p-value

0.555±0.04
0.520±0.06
0.520±0.12b
0.099±0.02
0.039±0.01
0.029±.002

%N
0.524±0.08
0.448±0.07
0.492±0.22b
0.074±0.01
0.036±0.00
0.029±.002

0.542±0.05
0.433±0.04
0.769±0.09a
0.083±0.03
0.039±0.01
0.030±.003

0.824
0.113
0.044
0.238
0.168
>0.999

N mass (kg ha-1)
Litterfall1
24.1±1.8
21.0±3.2
20.4±1.9
0.581
Roots 0-20cm
2.92±0.19a
2.53±0.31b
2.41±0.36b
0.027
a
b
ab
O-horizon
155.9±37.6
83.11±45.6
131.1±23.1
0.043
0-20cm
1919±441
1409±256
1660±497
0.291
20-40cm
912.7±236
808.8±92.3
852.3±222
0.799
40-60cm
861.5±54.1
849.5±76.7
887.4±101
0.844
2
Total soil
3849±662
3150±337
3530±788
0.390
Treatment means with ± 95% confidence intervals. (Pr>F) from ANOVA with accepted
alpha <0.05. Letters indicate homogenous subsets as determined by Tukey’s test.
1
Litterfall means represent kg ha-1 yr-1 measured December 2010 – December 2011.
2
Total soil is the sum of of O-horizon, 0-20cm, 20-40cm, and 40-60cm mineral soil N
masses.
Mineral soils were fractionated into light and heavy fractions. More total N led to
a correlation with higher total LF N (R2=0.54 with p=0.006). Heavy fraction samples had
a relatively lower percent N compared to the LF but had 3-4 times as much N mass. Light
fraction and HF %N at 0-20cm depth was significantly higher in the added treatment
(Table 3.3). Fractions in the 20-40cm, 40-60cm, and total soil showed no significant
differences in %N.
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Table 3.3

Light (LF) and Heavy (HF) fraction total %N and N mass in soil horizons
Horizon

LF

HF

LF

0-20cm
20-40cm
40-60cm

Added

Removed
a

0.941±0.07
0.432±0.19
0.142±0.13

a

Reference

p-value

LF % N
0.600±0.15b
0.341±0.11
0.069±0.04

0.725±0.07b
0.214±0.18
0.237±0.28

0.011
0.168
0.384

HF% N
0.029±.003b
0.021±.005
0.018±.002

0.035±.005b
0.022±.006
0.022±.004

0.006
>0.999
0.121

226.0±51
62.52±32.3
94.77±92.5
383.3±136

0.074
0.327
0.736
0.395

0-20cm
20-40cm
40-60cm

0.048±.007
0.030±.009
0.018±.004

0-20cm
20-40cm
40-60cm
Total Soil

LF N mass
335.8±114
163.1±65
132.6±53.3
156.9±112.6
80.31±41.5
54.32±44.4
548.7±154.1
374.3±207.2

HF N mass
0-20cm
911.6±213a
539.0±49.3b
690.0±105ab
0.047
20-40cm
692.0±250
463.3±126
508.7±157
0.931
HF
40-60cm
507.5±116.5
500.7±59.5
625.9±94.2
0.186
Total Soil
2111±400
1503±144
1824±260
0.731
Treatment means ± 95% confidence intervals. (Pr>F) from ANOVA with accepted alpha
<0.05. Letters indicate homogenous subsets as determined by Tukey’s test.
Among treatments, pH was not significantly different in the 0-20cm, 20-40cm,
and 40-60cm horizons (4.38, 4.65, and 4.81, respectively). The lack of significant
differences in pH suggests that any differences in available nutrients and organic matter
were not a result of changes to pH.
The C:N ratio decreased with depth from the O-horizon down to the 40-60cm
depth. There was a significantly higher C:N ratio found in the added treatment at 2040cm and 40-60cm depth and no differences between the reference and removed (Table
3.4). In the O-horizon, C:N ratio was significantly higher in the added. Additionally, a
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negative correlation exists between O-horizon C:N ratio and tree volume (i.e. high Ohorizon C:N ratio lower tree volume) (R2=0.50, p=0.010). This relationship was reversed
in the mineral soil as lower C:N ratios are associated with relatively lower tree volumes
(R2=0.61 and 0.56 with p=0.005 and 0.003 for 20-40cm, 40-60cm, respectively) (Figure
3.4). Similar to the 40-60cm non-fractioned mineral soil, the heavy fraction C:N ratio in
the added was significantly higher from the removed and reference (Table 3.5).
Table 3.4
Treatment

Forest floor, roots, and mineral soil horizon C:N ratio
Added

Removed

Reference

p-value

Litterfall
88.9±7.2
99.6±14.2
94.1±11.1
0.516
Roots 0-20cm
98.2±17.6
109.6±12.6
116.8±7.7
0.074
b
a
a
O-Horizon
39.1±3.2
52.2±5.4
51.2±4.3
0.018
0-20cm
24.6±4.9
20.3±2.9
21.8±3.7
0.132
a
b
b
20-40cm
20.9±2.6
14.9±3.2
14.6±4.7
0.050
a
b
b
40-60cm
17.9±3.9
12.2±1.6
11.4±2.7
0.013
Treatment means ± 95% confidence intervals. (Pr>F) from ANOVA with accepted alpha
<0.05. Letters indicate homogenous subsets as determined by Tukey’s test.

Figure 3.4

Correlation between tree volume and carbon:nitrogen ratio in the Ohorizon, 20-40cm, and 40-60cm mineral soil.
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Table 3.5

LF

Light (LF) and Heavy (HF) fraction C:N ratio in soil horizons

Horizon

Added

Removed

Reference

p-value

0-20cm
20-40cm
40-60cm

51.4±9.47
59.4±3.55
57.1±18.44

70.4±19.16
74.9±31.7
74.6±26.11

60.7±9.01
61.5±17.9
68.9±29.83

0.276
0.438
0.604

0-20cm
21.8±1.79
21.4±2.54
19.8±1.27
0.195
HF 20-40cm
14.8±2.40
15.1±3.78
14.4±2.37
0.084
a
ab
b
40-60cm
14.4±2.99
12.9±3.23
13.7±2.80
0.020
Treatment means with + 95% confidence intervals. (Pr>F) from ANOVA with accepted
alpha <0.05. Letters indicate homogenous subsets as determined by Tukey’s test.
3.4

Nitrogen and Phosphorus Availability
Ammonium was also more prevalent in the O-horizon and A-horizon compared to

nitrate. Ion exchange membranes from the A-horizon and O-horizon were analyzed for N,
phosphate, and hydrogen monthly. No significant time by treatment interactions were
found during the 11 months of sampling for either PO43-, NO3-, NH4+, or H+. Extractable
forms of N were nitrate and ammonium. Nitrate was not significantly different among
treatments despite higher mean values in the added treatment on both the O- and Ahorizons (Table 3.6). Extractable ammonium had marginally significant differences
(p=0.067) and the added treatment’s O-horizon was 23% and 27% higher than the
removed and reference, respectively.
Correlations existed between available ammonium in the A and O-horizon and
tree volume (R2=0.56 and 0.55 with p=0.595 and 0.336 for A and O-horizons,
respectively) (Figure 3.4). Additionally, a significant correlation was found in the mineral
soil between available nitrate and tree volume (Figure 3.5). This available N appears to
be partially driven by total N as there was a correlation (R2=0.57 and 0.73 with p=0.523
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and 0.170 for NO3-, NH4+, respectively) in the O-horizon between total N and available N
(Figure 3.6) as well as available ammonium in the A-horizon and total light fraction N
(R2=0.54 and p=0.111). It appears that more total N in the forest floor resulted in an
increase in available N which led to the differences in productivity between the
treatments. A negative correlation did exist between pH and H+ as lower pH resulted in
more hydrogen ions. However, no correlations were found between extractable PO43- and
H+ or PO43-and pH.
Table 3.6

Average extracted nutrients and hydrogen (mg m-2)
Horizon

NO3NH4+
PO43H+

A
O
A
O
A
O
A

Added

Removed

Reference

p-value

1.16±4.5
1.71±2.2
7.40±11.1
8.15±9.8
0.98±4.3
1.67±2.7
0.17±.02

0.79±1.4
1.42±0.6
5.64±15.8
5.93±6.1
1.45±1.5
1.89±3.6
0.12±.09

0.98±0.7
1.50±0.5
6.31±5.6
6.27±3.9
1.04±1.3
1.46±1.7
0.17±.03

0.475
0.427
0.186
0.067
0.433
0.392
0.291

O
0.21±.04
0.18±.06
0.19±.02
0.274
Treatment means ± 95% confidence intervals. (Pr>F) from ANOVA with accepted alpha
<0.05. Letters indicate homogenous subsets as determined by Tukey’s test.

24

Figure 3.5

Extractable ammonium (NH4+-N) in the A- and O-horizon and its
relationship to tree volume at age 15.

Figure 3.6

Total N in the O-horizon and its relationship to available (NH4+ NO3-)
nitrogen at age 15.

(points are colored by treatment: removed-white, reference-grey, added-black)
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3.5

Carbon
The highest percent carbon was found in root, litterfall, and O-horizon samples

while the greatest mass of carbon was held in the mineral soil. Root, litterfall, or Ohorizon total carbon (C) mass or %C was not significantly different among treatments
(Table 3.7). No differences in total C mass were found at 0-20cm or 20-40cm despite
higher mean values in the added at both depths (Figure 3.7). At 40-60cm in depth C mass
in the added treatment was 49 and 51% higher than the removed and reference,
respectively. Additionally, the C mass in the total soil (O-horizon and 0-60cm) was
marginally higher in the added treatment and had a strong correlation with tree volume
(R2=0.66, p=0.001).

26

Table 3.7

Forest floor, litterfall, roots, and soil total C mass

Treatments
1

Litterfall
Roots 0-20cm
O-horizon
0-20cm
20-40cm
40-60cm

Added

Removed

Reference

p-value

48.58±0.92
43.31±2.66
17.60±5.42
2.122±0.63
0.717±0.23
0.446±0.08a

%C
49.63±0.75
41.53±3.71
22.26±11.47
1.301±0.41
0.459±0.13
0.305±0.04b

49.72±1.33
43.03±3.74
33.89±5.70
1.612±0.72
0.448±0.17
0.293±0.09b

0.355
0.774
0.072
0.138
0.408

1.873±0.05

0.720

0.030

-1

Litterfall

2.106±0.04

C mass (Mg ha )
1.987±0.03

Roots 0-20cm 0.244±0.03
0.237±0.23
0.239±0.02
0.907
O-horizon
5.279±1.61
3.648±1.90
5.745±1.09
0.188
0-20cm
41.64±14.8
24.79±7.25
32.00±13.9
0.161
20-40cm
16.80±6.67
10.43±2.99
10.73±4.27
0.159
a
b
b
40-60cm
13.20±2.54
8.863±1.39
8.747±2.62
0.029
Total soil2
76.91±22.9
47.73±9.03
57.22±18.8
0.105
Treatment means + 95% confidence intervals. (Pr>F) from ANOVA with accepted alpha
<0.05. Letters indicate homogenous subsets as determined by Tukey’s test.
1
Litterfall means represent Mg ha-1 yr-1 measured December 2010 – December 2011.
2
Total soil is the sum of of O-horizon, 0-20cm, 20-40cm, and 40-60cm mineral soil C
masses.
Higher percent and mass of carbon was measured in the 0-20cm depth for heavy
fraction and light fraction. No significant differences were found with light fraction %C
or C mass. In the added treatment, HF total %C and C mass at 0-20cm depth was
significantly higher compared to the reference and removed (Table 3.8). This matches
findings in the 0-20cm mineral soil tested for total %C. Heavy fraction %C or C mass at
20-40cm and 40-60cm depth was not significant while total C mass (all depths) was
marginally higher in the added.

27

Table 3.8

Light (LF) and Heavy (HF) fraction total %C and C mass in soil horizons

Horizon

Added

LF

0-20cm
20-40cm
40-60cm

38.98±2.13
21.22±8.34
6.588±5.12

HF

0-20cm
20-40cm
40-60cm

0.897±.007a
0.391±0.16
0.221±0.09

LF

0-20cm
20-40cm
40-60cm
Total Soil

Removed
%C

Reference

p-value

34.75±5.33
22.48±13.0
4.777±4.09

37.18±3.86
11.66±10.5
11.98±15.8

0.397
0.408
0.588

0.519±.003b
0.257±0.04
0.193±0.04

0.599±.005b
0.264±0.07
0.257±0.07

0.013
0.489
0.125

11.62±2.83
3.207±1.93
4.357±4.01
19.18±5.13

0.464
0.395
0.977
0.826

C mass Mg ha-1
13.93±4.72
9.624±9.62
6.442±1.88
12.00±13.3
4.224±3.13
3.704±4.08
24.59±5.68
25.33±21.44

0-20cm
17.15±4.55a
9.80±0.743b
11.75±2.10b
0.032
20-40cm
9.062±4.44
5.734±1.11
6.204±1.67
0.586
HF
40-60cm
6.364±2.38
5.442±1.13
7.473±1.89
0.178
Total Soil
32.57±7.17
20.98±0.92
25.42±1.96
0.180
Treatment means± 95% confidence intervals. (Pr>F) from ANOVA with accepted alpha
<0.05. Letters indicate homogenous subsets as determined by Tukey’s test.
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CHAPTER IV
DISCUSSION

The objective of this research was to assess indicators of productivity by
examining the effect of manipulating forest floor and harvest residue inputs; specifically,
to evaluate how these manipulations affect nutrient availability and C content in the
context of intensive forest management. Major findings include higher tree volume as a
result of added O-horizon and harvest residues to regenerating forests, while severely
removing the floor did not appear to result in large differences in below or aboveground
productivity 15 years after harvest. The addition of organic matter resulted in more N in
O- and A-horizon and increased C in lower soil horizons.
4.1

Biomass Pools
Standing volume at 15 years of age exhibited comparable trends to the findings of

Zerpa et al. (2010) at year 10 in the same study. The added treatments had significantly
greater stand bole volume while removed and reference treatments had no differences.
The PAI (m3 ha-1 yr-1) from year 10 to 15 was higher in the added plot and there appears
to be no sign of leveling off with bole volume. PAI (m3 ha-1 yr-1) and volume (m3 ha-1)
results showed relatively little difference between the removed and reference treatments
from the previous five years. Past research has found severe removal of the forest floor
may not result in lower standing tree volume (Powers et al., 2005; Ponder, 2008; Zerpa et
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al., 2010); however, stand productivity in subsequent rotations may be impacted by
severe organic matter removals.
Litterfall differences among treatments were less evident as the stand aged from
10 to 15 years. While this study found very little difference in litterfall among treatments,
Zerpa et al. (2010) found significantly higher litterfall in the added treatment relative to
the reference and removed treatments at age 10 on the same sites. This suggests that
changes in stand structure have led to relatively similar litterfall production on all three
treatments. The stand has reached crown closure and in normal intensive management
practices would be thinned. Additionally, with identical planting densities, the canopies
of all treatments should be similar. In year 10 Zerpa et al. (2010) found that litterfall had
strong correlation (R2=0.94) with tree volume; while, year 15 no correlation was found.
This suggests that either the factors driving elevated growth rates have converged on the
reference or some other factors (e.g. water, light) have become more limiting on growth
rates for the stand.
Fifteen years after the installation of the treatments the added OM treatment still
had significantly higher O-horizon mass. Interestingly, the O-horizon mass in the
removed treatment was not significantly different from the reference (also found at year
10). The lack of difference in bole volume between the removed and reference led to no
significant difference in litterfall rates. Accumulation of O-horizon mass could have
occurred as a result of lower decomposition rates at some point during stand
development.
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4.2

Nutrients
Overall, the added treatments had more soil N, while the removed was not

significantly difference from the reference. This coincides with the stand bole volume
findings. Several correlations showed a positive response of greater tree volume with
more total soil N. The increase in total N led to more available N while it did not lower
the C:N. This suggests that the C:N plays very little role in regulating N availability in
mineral soils (no correlation was made between 0-20cm C:N and available N in Ahorizon). Additionally, total N is the driving factor in the mineral soil not the C:N ratio.
Higher total %N of the HF suggests in the added treatment there is an increase in
HF N as a response to the nutrient additions. Not only was HF higher but the LF also
showed a response. Light fraction N is typically bound to microbial biomass, particulate
organic matter, or other labile organic compounds whereas the HF is found more on
colloidal surfaces (high in cation exchange capacity) (Fisher and Binkley, 2000).
Additionally, no volume differences between the removed and reference treatments
suggest that removing O-horizon and slash materials did not influence HF or LF N to a
depth of 60cm at mid rotation. Our results suggest that on Upper Coastal Plain sites
similar to this one, removing the O-horizon after harvest does not influence the long term
N fractions in the mineral soil.
Greater total N in litterfall, O-horizon, and roots in added treatments led to higher
amounts of available N in the 0-20cm horizon. Higher total and available N suggests that
the initial addition of organic matter and associated nutrients are still present in the stand.
The ‘fertilized’ added plots have slowly released available NO3- and NH4+ as the stand
aged. Instead of a fast pulse of N like typical fertilization would allow, the N was
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released slower for plant uptake. Overall, the trend shows more available N in the added
treatment over the course of a year and similar N in the removed and reference. This is
consistent with the volume findings and could be one of the factors driving trends in tree
volume. Additionally, the greater total N in the added treatment could impact subsequent
rotations.
Nitrogen is not the only limiting nutrient required for productive tree growth in
the southern U.S. Phosphorus is commonly limited in southern pine plantations grown on
old agriculture fields (Sanchez et al., 2006) and particularly in much of the southern part
of the gulf coastal plain (Fox et al., 2011). Zerpa et al. (2010) found significantly higher
levels of mineral soil extractable PO43- in the added treatment and no significant
differences between reference and removed treatments. Lack of correlations between H+
and PO43- suggests that H+ activity played little role in PO43- and the added treatment has
taken up or immobilized all of the PO43- that was available. Piatek and Allen (2001)
concluded that the forest floor in mid-rotation loblolly pine stands is not a source of P but
a possible sink. So, as the stand reached mid-rotation, the extra P in the added treatment
may have become increasingly immobilized in the system and not contribute differences
in productivity among treatments for this rotation.
4.3

Carbon
In the added treatment, more available nutrients through stand development

resulted in larger tree volume; therefore, an increase in carbon within the mineral soil.
This suggests that carbon is becoming more recalcitrant and stabilized. No differences in
the removed and reference with carbon were found. Increased biological activity is noted
with an increase in forest floor (Fisher and Binkley, 2000), so initially the reference
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treatment may have had faster decomposition rates allowing the removed treatment to see
no carbon differences.
An increase in carbon could be important for carbon sequestration and long term
carbon storage into subsequent rotations. A higher C:N ratio below 20cm depth in the
added suggests there is an increase fresh organic matter in the mineral soil. This would
indicate higher rates of root production and turnover and/or increased leaching of
dissolved organic carbon (DOC) from surface to deeper soil horizons in the added
treatment. Increased input rates of organic matter are known to increase soil organic
carbon (SOC) storage (Post and Kwon, 2000). At this point in the rotation, there is
evidence that there is significantly more recalcitrant carbon stored in the added plots at
depth.
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CHAPTER V
CONCLUSION

In this study it was found that organic matter additions acted as a sustained long
term fertilizer increasing stand bole volume, carbon at depth, and increasing the amount
of N in the system. On the other hand, severely removing the floor and harvest residues
did not appear to result in significant losses in below or above ground productivity.
Particularly soil carbon or N pools were not significantly different in the light and heavy
fractions. It is unclear how subsequent OM removal would affect stand productivity in
the future.
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APPENDIX A
SUPPORTING EXPERIMENTS
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Foliar samples were collected at age 15. Five trees were sampled and composited by plot.
Samples were ground using a mortar and pestle and analyzed for total C and N by dry
combustion (Costech ECS 4010). Additionally, samples were digested (MARS Xpress
microwave digestion system) with nitric acid (EPA Method 3052, 1996) and analyzed for
P, Ca, Mg, K, Fe, Al using an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES, Perkin Elmer, Santa Clara, CA) (Table A.1).
Table A.1

Foliar Nutrient Concentration

Treatment

Ca

Fe

K

Added
Removed
Reference

1.21
1.61
1.26

0.20
0.21
0.25

4.19
3.69
3.91

Mg
Mn
-1
mg m
1.35
0.11
1.29
0.17
1.30
0.15

P

S

1.34
1.27
1.33

0.77
0.78
0.75

N

C
% [wt]
1.40 52.67
1.20 50.10
1.38 54.18

An experiment was established to determine if there were differences between extracting
Ion Exchange Membranes with 100mL 1M NaCl versus 1000mL 1M NaCl. New anion
and cation exchange resin membranes were submerged in 100 mL of four concentrations
(1, 2.5, 5, and 10 mg L-1) of stock standards Potassium Phosphate Monobasic (KH2PO4),
Ammonium Sulfate ((NH4)2 SO4), and Potassium Nitrate (KNO3) overnight. Membranes
were then extracted with either 100 or 1000 mL of 1 M NaCl. Anion membranes were
further extracted by 100 or 1000 mL of Melich 3 solution and analyzed for PO43-. All
anions were assessed using a segmented flow auto analyzer (Method US-696M-82X;
BRAN+LUEBBE AutoAnalyzer3, Germany). If dilution were the only factor affecting
the concentration of ions then the ratio of the P or N ions extracted by the 100 and 1000
mL solutions would be 10.
Table A.2

IEM 100 v 1000mL Experiment Results

NaCl PO43Melich3 PO43NaCl NO3NaCl NH4+
Conc 100mL 1000mL 100mL 1000mL 100mL 1000mL 100mL 1000mL
0.06
0.10
0.02
0.01
0.49
0.48
0.09
1
0.12
0.06
0.06
0.02
0.42
0.09
1.47
0.30
2.5
0.22
0.14
0.12
0.04
0.61
0.13
2.44
0.45
5
0.55
0.26
0.10
0.06
1.27
0.20
5.28
0.99
10
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Figure A.1

Ion Exchange Membrane test method results of phosphate measured on
AutoAnalzyer3 (ppm) with concentration of (PO43-) in 100mL
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